Abstract. The Mw 6.7 Northridge earthquake occurred on January 17, 1994, beneath the San Fernando Valley. Two seismicity clusters, located 25 km to the south and 35 km to the north-northwest, preceded the mainshock by 7 days and 16 hours, respectively. The mainshock hypocenter was relatively deep, at 19 km. depth in the lower crust. It had a thrust faulting focal mechanism with a rake of 100° on a fa.ult plane dipping 35° to the south-southwest and striking N75°W. Because the mainshock did not rupture the surface, its association with surficial geological features remains difficult to resolve. Nonetheless, its occurrence reemphasized the seismic hazard of concealed faults associated with the contractional deformation of the Transverse Ranges. The Northridge earthquake is part of the temporal increase in earthquake activity in the Los Angeles area since 1970. The mainshock was followed by an energetic aftersh<>ek sequence. Eight aftershocks of M 2: 5.0 and 48 aftershocks of 4 ~ M < 5 occurred between January 17 and September 30, 1994. The aftershocks extend over most of the western San Fernando Valley and Santa Susana Mountains. They form a diffuse spatial distribution around the mainshock rupture plane, illunrinating a previously unmapped thrust ramp, extending from 7-10 km. depth into the lower crust to a depth of 23 k:m. No flattening of the aftershock distribution is observed near its bottom. At shallow depths, above 7-10 km, the thrust ramp is topped by a dense distnbution of aftershock hypocenters bounded by some of the surlicial faults. The dip of the ramp increases from east to west. The west side of the aftershock zon.e is characterized by a dense, steeply dipping, and north-northeast striking planar cluster of aftershocks that exhibited mostly thrust faulting. These events coincided with the Gillibrand Ca.nyon lateral ramp. Along the east side of the aftershock zone the aftershocks also exhibited primarily thrust faulting focal mechanisms. The focal mechanisms of the aftershocks were dominated by thrust faulting in the large aftershocks, with some strike-slip and normal faulting in the smaller aftershocks. The 1971 San Fernando and the 1994 Northridge earthquakes ruptured partially abutting fault surfaces on opposite sides of a ridge. Both earthquakes accommodated north-south contractional deformation of the Transverse Ranges. The two earthquakes differ primarily in the dip direction of the faults and the depth of faulting. The 1971 northnortheast trend of left-lateral faulting (Chatsworth trend) was not activated in 1994.
Introduction .
The 1994 Mw 6.7 Northridge earthquake is the latest in a series of moderate-sized to large earthquakes to occur in the north Los Angeles region [Hauksson, 1992] . The earthquake occurred on a south-southwest dipping thrust ramp located to the southwest of the west end of the Sierra Madre fault system and to the south of the east end of the Santa Susana, San Cayetano, and Oak Ridge fault systems (Figure 1 ) [Proctor et al., 1972; Yeats, 1981; 9emen, 1989] . The occurrence of the earthquake away from Copyright 1995 by the American Geophysical Union.
Paper number 95JB00865. 0148-0227/95/95JB-00865 $05.00 mapped surface fault structures demonstrated the complex threedimensional natwe of the teCtonics in this region. Like all of the significant earthquakes that have occurred since the 1920s in southern California., the Northridge earthquake thus provided new insights into the regional tectonics and seismological aspects of such sequences.
Since 1920, 15 moderate-sized to large (M 4.8-6 .7) mainshockaftershock sequences have OCC'UII'ed in the greater Los Angeles area (Figure 1 ). These earthqua..kes are associated with many low slip-rate, late Quaternary faults distributed throughout the region. Because surface rupture has only occurred once since the 1920s, during the 1971 San Fernan.do earthquake, the association between a mainshocl hypocenter and a nearby fault typically has been inferred from the mainshock focal mechanism and the distribution of aftershocks. They have been associated with surficial reverse faults, right-lateral or left-lateral strike-slip 12, 335 12,336 faults, and concealed thrust ramps [Hauksson, 1990] , reflecting the merging of the strike-slip deformation of the Peninsular Ranges with the contractional deformation of the Transverse Ranges.
The rate of tectonic deformation across the northern Los
Angeles area and the central Transverse Ranges is relatively high [Donnellan et al., 1993; Hudnut et al., 1995] . Global Positioning System measurements across the Ventura basin, 30 km northwest 12, 337 of the Northridge rupture, show north-south shortening of 7-10 mmlyr, that may be accommodated by the San Cayetano, Red Mountain, and Oak Ridge faults [Donnellan et al., 1993] . Similar measurements across the Los Angeles basin indicate shortening rates of 5-10 mmlyr [Feigl et al., 1993] .
The long-term (1978 to 1993) background seismicity in the central Transverse Ranges is dominated by aftershocks of the 1971 Mw 6.1 San Fernando earthquake (Figure 2 ). A few of the large clusters in the north Los Angeles region are also earlier mainshock-aftershock sequences [Hauksson, 1990] . To the south (A) Seismicity 1978 Seismicity -1993 12,338
of the 1971 aftershock zone, the seismicity in the San Fernando Valley region has been characterized by a low-level background seismic activity that did not illuminate individual or distinctive fault structures beneath the valley. Both to the north and south of the valley, tectonic models of north dipping surficial reverse faults or concealed north dipping thrust ramps were supported primarily by geologic data and in a few cases by the background seismicity [Namson and Davis, 1992; Hauksson, 1990] . In comparison, the 1994 Northridge sequence extended across a wide area and provided new data for the valley and the eastern part of the Santa Susana Mountains (Figure 2b ). Both the west and east edges of the 1994 aftershock zone fonn distinct northnortheast trends and appear to coincide with some of the similar trends ir. the background seismicity. Future analysis of the background seismicity thus rna!' contribute to understanding of possible segmentation of concealed faults. The two largest earthquakes to occur in this region during this century are the 1971 San Fernando and the 1994 Northridge earthquakes (Figure 1 ). Although the Northridge earthquake was the same size as the 1971 San Fernando earthquake (Mw 6.7), it was much more damaging, in part because of its location beneath the heavily populated San Fernando Valley and its proximity to other communities in the Los Angeles basin. In map view the aftershock zones of both earthquakes overlap, suggesting that the causative thrust faults are at least geometrically related.
The 1994 Northridge earthquake and its aftershocks illuminate for the first time a south dipping thrust ramp beneath the San \ ,, Central Valley "· ··.
Fernando Valley, which serves to emphasize the hazard associated with undetected thrust faults in this region. In this paper we synthesize the seismological observations from the Northridge earthquake sequence to facilitate our understanding of the role these tectonic structures play in the regional crustal deformation of the compressional zone of the central Transverse Ranges. The long range goal of these studies is to provide comprehensive understanding of tectonic deformation associated with the big bend region of the San Andreas fault system in southern California.
Data and Procedures
We analyzed the P and S wave arrival times and P wave first motions from the Southern California Seismic Network (SCSN), operated by the U.S. Geological Survey and the California Institute of Technology (USGS/CIT), to obtain high-quality hypocenters and focal mechanisms. To date, the SCSN has recorded approximately 10,000 Northridge aftershocks.
Arrival time data from 300 earthquakes were simultaneously inverted for improved hypocenters, a one-dimensional velocity model, and a set of station delays using the VELEST code [Kissling et al., 1994] . Arrival time data were used from the stations shown in Figure 3 . The starting and fmal velocity models are listed in Table I . The resultant models and delays were used as input to HYPOINVERSE [Klein, 1985] to obtain final locations for both sequences, which included more than 10,000
. More than 4500 single-event, lower-hemisphere focal mechanisms were determined using the grid-searching algorithm and computer programs by Reasenberg and Oppenheimer [1985] .
The average uncertainties in the dip direction (which is equal to strike plus 90°), dip, and rake of the focal mechanisms for the whole data set are 12°, 14°, and 20°, respectively. To provide an overview of the sequence only a few typical focal mechanisms for the large events are shown in the figures. Focal mechanisms with first-motion polarities for AP-4 events are shown in Figure 4 and listed in Table 2 . If two focal mechanisms fit the first-motion data from an event about equally well, both are shown in Figure   4 . In subsequent figures the first mechanism is selected for plotting.
Results

Precursory Seismicity Clusters?
The epicentral area of the Northridge earthquake remained seismically inactive during the preceding month. Two different clusters of small earthquakes occurred at distances of 25-35 km during the preceding month ( Figure 5 ). The frrst occurred under Santa Monica Bay adjacent to the coastline. The second occurred in Santa Clarita Valley, 4 km north of the surface trace of the Holser fault. Both the spatial and temporal relationships to the subsequent Northridge mainshock suggest but do not require a causative relationship.
The Santa Monica swann during the week before January 17, 1994, was located 25 km due south of the mainshock epicenter.
The swarm started with an M 3.7 mainshock on January 9 at 2300 UT. This shock was felt in west Los Angeles although it caused no significant damage. During the next 7 days a total of 15 events of ~1.5 were recorded with the largest aftershock being a M 3.5 on January 12 (1928 UT). This sequence is referred to as a swarm because the two largest events were of similar size, and because the rate of earthquake activity stayed about the same for 2 or 3 days, rather than decaying with time as aftershocks normally do. The Santa Monica swarm fonned a tight cluster of less than 1 km radius in the depth range of 3-12 km. This depth distribution is significantly shallower than the depth of the Northridge sequence ( Figure 5c ). The locations and focal mechanisms of these 15 events show that this swann occurred on a previously unmapped offshore reverse fault, with a nearly east-west strike and possibly a steep dip to the south. This sequence is a part of the north-south contractional deformation of the Transverse Ranges. The last event in the Santa Monica swarm occurred about 18 hours before the Northridge mainshock.
During the 16 hours preceding the mainshock, a small cluster of four earthquakes of M 1.3-1.9 occurred at 15 km depth, located 35 km north-northwest of the future mainshock epicenter. The largest of these events had a thrust focal mechanism with one east striking nodal plane dipping gently to the north. Because these events are of small magnitude and occurred at depths of 15 km, it is not possible to assign them to surficial faults. These events, tightly clustered within a volume of 1 km 3 , and the focal mechanisms are consistent with the ongoing contractional deformation of the Transverse Ranges ( Figure 5 ).
Both the Santa Monica and the Holser swarm are unusual in tenns of the background activity recorded in the region since 1930 by the SCSN, and their relationship to the Northridge mainshock is not understood. Swarms like the Santa Monica swarm are fairly rare along the Santa Monica coastline, although they are common further offshore in Santa Monica Bay [Hauksson and Saldivar, 1989] . Small clusters like the Holser swarrn, however, have occurred in this region in the past ( Figure  2 ). Because both clusters occurred on different faults and more than one fault dimension away from the subsequent Northridge mainshock, we do not consider either cluster to be a precursor or a foreshock sequence to the Northridge mainshock, as defined by Jones [1984] .
Focal Mechanisms of the Mainshock and M ~ 4 Aftershocks
The first-motion focal mechanism of the mainshock exhibited one nodal plane striking 105°±10° and dipping 35°±5° southsouthwest with a rake of 1 00°±1 oo. Other determinations of the mainshock focal mechanism based on teleseismic and regional broadband waveforms show a more northerly strike of N50-60°W and a somewhat steeper dip of 40°-45° to the south-southwest [Dreger, 1994; Thio and Kanamori, 1995] . This difference in the mainshock focal mechanism determined with different frequency waves suggests a small increase in dip along strike and possibly a curved rupture surface. Such an increase in dip along strike can also be seen in the distribution of aftershocks.
Although no surface rupture has been found [Scientists of the U.S. Geological Survey and the Southern California Earthquake Center, 1994] , hereinafter referred to as (USGS and SCEC, 1994) , several preliminary interpretations of the mainshock faulting have been offered. One interpretation suggests that the Oak Ridge fault, mapped to the west in the Ventura basin, extends into this region [Yeats and Huftile, 1994] . Another interpretation could be that some of the surficial faults exposed farther north, such as the Holser fault, are responsible for the earthquake. A third interpretation models the earthquake as slip on a south-dipping thrust ramp beneath the San Fernando Valley [Davis and Namson, 1994] . The seismological evidence for the mainshock faulting, the focal mechanism and the spatial distribution of aftershocks, are consistent with all three interpretations.
The large aftershocks occurred both to the north and south of the surface trace of the east-west striking, north dipping Santa Susana thrust fault, the most prominent surficial reverse fault in the region ( Figure 5 aftershocks. The Santa Susana fault has two lateral ramps, The available focal mechanisms of the mainshock and .57 defining lateral separation of the surface trace of the fault, the San aftershocks of ML 0!:: 4.0 are shown in Figure 6 and listed in table Fernando lateral ramp (SFLR) on the east side and the Gillibrand 2. Nearly all of these focal mecbanisms show thrust faulting with Canyon lateral ramp (GCLR) on the west side only a few strike-slip and normal faulting events. The largest ( Figure 6 ). Analysis of drill hole data indicates that the Santa aftershock of ML 5.9 followed the mainshock within a minute Susana fault has a convex shape and a low dip near the surface (1231 UT) and was located 10 km to the east-northeast of the .
mainshock. No focal mechanism is available for this event. The . This cluster is bounded on the north side by the surface trace of the Santa Susana fault and includes mostly events with thrust mechanisms. However, the largest normal faulting event (ML 4.7) was located in this cluster. Another cluster, forming the northwest side of the aftershock zone, also is comprised of mostly events with thrust mechanisms. Several of the larger events of this cluster are located within the Gillibrand lateral ramp, as defmed by Yeats [1988] , near the northwest end of the Pico anticline. To the west of the Gillibrand lateral ramp the Santa Susana fault steps left and steepens in dip . A possible tectonic association between these events and adjacent geological features such as the Pico anticline and the Gillibrand Canyon lateral ramp, however, remains unresolved.
Strike-slip deformation bas occurred during the late Quaternary along faults such as the Northridge Hills fault and the Mission Hills fault (Figure 6 ). Three strike-slip M ~ 4 aftershocks and several thrust aftershocks are located near the surface trace of the Northridge Hills fault. No large aftershocks were located near the Mission Hills fault, even though significant ground deformation in this region was caused by the Northridge mainshock (USGS and SCEC, 1994) . Only one of the eight ML > 5.0 aftershocks showed a strike-slip focal mechanism, and was located between the surface traces of the Northridge Hills and the Santa Susana faults. Most of the strike-slip and normal faulting aftershocks occurred at shallow depth above the main rupture surface where strike-slip or extensional deformation of the hanging wall may be expected.
Spatial Distribution of Aftershocks
The 1994 Northridge earthquake and the more than 10,000 aftershocks that occurred from January 17 to September 30, 1994, form a complex spatial distribution. The general geographical shape of the distribution developed within the first 24 hours and did not change significantly during the following 9 months. The only minor change with time that can be seen in space-time plots of aftershocks was the quick decay of aftershock activity located from Jennings [1975] . Because theM 5.9 aftershock occurred too closely in time to the Northridge mainshock or, in several cases, aftershocks were preceded by immediate foreshocks, their focal mechanism could not be determined and their epicenters are shown as open circles.
west of the San Fernando lateral ramp continued to be very active during the frrst 9 months.
To improve our understanding of how the spatial distribution relates to the mainshock rupture surface and mapped surficial geological features, we show the spatial distribution of the aftershocks with both strike-normal and strike-parallel cross sections. To detect possible spatial changes in the style of aftershock faulting, we show focal mechanisms grouped by style of faulting. In addition, we have drawn schematic spatial contour maps outlining the upper and lower surfaces of the aftershock zone, to summarize how the aftershock distribution changes with depth and along strike.
Strike-normal cross sections. In map view the aftershocks form a 45-km-long and 40-km-wide zone (Figure 7) . The mainshock rupture as determined from waveform data [Wald and Heaton, 1994] started at the southeastern corner of this zone near the mainshock epicenter and extended about 15 km westnorthwest and about 20 km up a 35°-42° dipping surface to the north-northeast, covering less than one third of the aftershock zone.
Four cross sections extend from south-southwest to northnortheast (Figure 7) . The focal mechanisms of the mainshock and representative large aftershocks are included in the map of epicenters and the cross sections. Nearly all of these focal mechanisms are thrust, with only one strike-slip and one normal mechanism.
The cross section D-D' shows aftershocks that occurred along the eastern edge of the mainshock rupture surface. These hypocenters form a south-southwest dipping distribution in the depth range of 5-15 km with a small number of aftershocks extending down to 20 km depth. The lower depth bound to the densest part of the aftershock distribution appears to coincide with the steeply dipping Northridge Hills fault (Figure 6 ). Most of the shallow aftershocks were located near the surface trace of the Santa Susana and Verdugo faults.
The cross section C-C' includes the hypocenter of the mainshock and shows the 35°-40° dipping zone of aftershocks from 23 km to about 7 km depth, located mostly under the San Fernando Valley. If the 35° south-southwest dipping nodal plane of the mainshock is extended to shallower depths, the rupture surface is located near the lower surface of this dipping aftershock zone. The deep end of this zone is defmed by a few aftershocks that extend as deep as 23 km. Above approximately 7 km depth, the aftershock zone is less well expressed as a southwest dipping tabular feature but is rather a cloud of aftershocks representing diffuse deformation of an overlying anticlinal fold The San Gabriel fault limits the northeast spatial extent of most of the shallow aftershocks. The southwestern edge ----
MAGNITUDES., of the distribution of shallow aftershocks is located further to the southwest, above the mainshock rupture surface.
Farther to the west, in cross section B-B', the western edge of the mainshock rupture surface is outlined by the south-southwest dipping zone of aftershocks. More distributed defonnation of the hanging wall is evident in this section, including shallow events south of the mainshock. A north dipping trend of aftershocks, in the 5-8 km depth range, may be related to the north dipping Santa Susana fault. The only M > 5 strike-slip aftershock lies at the eas~m edge of this section at shallow depth. The aftershocks in cross section A-A' occurred west of the mainshock rupture surface as defmed by wavefonn modeling [Wald and Heaton, 1994] . They form a diffuse distribution beneath the Santa Susana Mountains and appear to be on different faults that did not rupture in the mainshock. There is some ~dication in the cross section of a wedge-shaped structure illUminated by both south and north dipping trends of aftershocks in the depth ran..ge of 13-18 km. This wedge-shaped structure coincides with the Gillibrand Canyon lateral ramp. The Northridge Hills fault brackets the distribution to the south while the northern. edge of t:he cl.istribution is midway between the Santa Susana and Holser fa -.ills.
Strike-paraDe! crw sections. To identify possible steeply dipping distribu. tions of aftershocks with northeasterly strike associated with tear o cross faults we show four cross sections parallel to the st:rike of t:he mainshock rupture surface and the major surficial faults in tbe region such as the Santa Susana and San Gabriel faults (Figure 8) .
The afiershoc){s in the northernmost cross section E-E' are located north of tile nainshock rupture. In the central and eastern part of this cross section the aftershocks reach the surface approximately 2-3 k::.m t<> the south of the San Gabriel fault.
There is also some deepening of the seismicity beneath the Sylmar basin, dovvn to depths of 5-8 k:m. A north-northeast trend The F-F cross section includes many of the aftershocks above the i:nainshock rupture surface. On the west side, a steeply _dipping distribution is seen extending from the B-E' cross section and is associated with the western edge of the mainshock rupture.
This activity could also be associated with the Gillibrand Canyon lateral ramp as defined by Yeats [1988] . Ail apparent westnorthwest dipping trend of aftershocks, to the east of the surface trace of the Santa Susana fault, may form the lower bound of the Santa Susana Mountains block. In contrast, on the east side of the Santa Susana fault, in part beneath the Sylmar basin, a dense cluster formed the northeastern edge of the mainshock rupture.
In the G-G' cross section, a dense distribution of aftershocks from 8 to 15 km depth is associated with the upper half of the mainshock rupture surface. At shallower depths the complexity in the aftershock distribution primarily reflects the deformation of the hanging wall. Several large thrust events occurred on the west side of the mainshock fault surface where the mainshock slip was largest [Wald and Heaton, 1994] . Similarly, a dense cluster of small aftershocks also occurred along the eastern edge.
The southernmost cross section H-H' includes the mainshock hypocenter and the aftershocks surrounding the lower half of the mainshock rupture surface. Similar to cross section G-G', the distribution is also characterized by a cluster of aftershocks in the hanging wall. The deepest aftershocks extended the depth of faulting down to 23 k:m depth.
Focal mechanisms.
To improve our understanding of the faulting that took place in the 1994 Northridge earthquake sequence, we have determined focal mechanisms for the mainshock and more than 900 aftershocks of M;;:: 2.5. In Figures  9a, 9b, 9c , and 9d we show the mainshock and aftershock focal mechanisms for events of M 2: 2.5 grouped by depth and type of mechanisms. The events with rake from 45° to 135° are thrust, from -45° to -135° are normal, while all others are strike-slip faulting.
Thrust faulting. The thrust faulting focal mechanisms were split into two groups by depth (Figures 9a and 9b) . The shallow focal mechanisms, in the depth range of 0-9.9 km, show a cluster of events northeast of the mainshock and scattered activity to the north of the Santa Susana fault. Most of these mechanisms have east to east-southeast trending nodal planes. A few thrust faulting events also are located due west of the mainshock epicenter within the hanging wall. Most of these shallow thrust events are {A) .. associated with small secondary faults in the hanging wall and contribute to the formation of the fold above the mainshock fault at depth. A few of these events have one subhorizontal nodal plane, suggesting that some of the faulting may be occurring on subhorizontal surfaces. The thrust focal mechanisms in the depth range of 10 to 23 km are shown in Figure 9b . These events form two spatially distinct clusters. One is located adjacent to the mainshock and extends about 12-15 km to the north, toward the surface trace of the Santa Susana fault. These events also reflect the south-southwest dip of the mainshock fault. The second cluster is located to the west of the mainshock and to the north of the surface trace of the Santa Susana fault. This cluster most likely illuminates secondary faults that began breaking during the hours following the mainshock.
Strike-slip faulting. The strike-slip faulting aftershocks showed movement along north to north-northwest trending planes (Figure 9c) . A prominent 15-km-long linear trend of strike-slip faulting aftershocks can be seen subparallel to the Northridge Hills fault. Several other trends can be seen, although none appear to be longer than about 5 km. The strike-slip faulting extends from the near surface down to depths of 18-20 km. The short trends of strike-slip mechanisms show both right and left lateral faulting. The coexistence of left-lateral and right-lateral strike-slip faulting or possibly conjugate faulting has also been observed in other southern California sequences [e.g. Hauksson, 1994a] .
Normal faulting. The normal faulting occurred primarily along north to northeast striking planes. A few normal faulting events have northwest striking fault planes. The normal faulting events are located north of the mainshock rupture. Most of the normal events are shallow, although a few are in the depth range of 10-23 km. They occur in regions where there are also strikeslip faulting aftershocks. This indicates that the extensional strains in the hanging wall imposed by the mainshock were released by both normal and strike-slip faulting aftershocks. showing aftershocks in a 2 km depth interval, were visually inspected to infer the bottom and top of the aftershock zone. Aftershocks occurring within the hanging wall were ignored to simplify the contour plots. We have superimposed these contours on top of maps of the late Quaternary surficial faults in the region.
At depths shallower than 9 km, the contours outlining the depth to the top of the distribution follow the general strike of the Santa Susana fault (Figure lOa) . Within the 3 km depth contour the aftershock zone extends to the surface. Near the western end the contours are closer together, indicating steeper dip in the depth range from 3 to 13 km. In the depth range of 17 to 21 km the contours are closer together than in the depth range of 11 to 17 km, indicating the termination of the zone of aftershocks at a depth of 21 to 23 km. The shape of the contours of the base of the aftershock distribution is more strongly correlated with the near-surface geology than the top of the distribution. The most prominent effects on the base of the aftershock zone are from the San Fernando and the Gillibrand Canyon lateral ramps. Both of these lateral ramps were previously mapped because they offset the north-dipping Santa Susana fault . The structure contours indicate that the lateral ramps bound a ridge in the fault zone that is about 3-5 km higher than the surrounding region in the depth range of 7 to 15 km. The structure contours also indicate that the dip of the base of the aftershock zone steepens from east to west (Figure 10) .
When overlain over the basal contours, the finite rupture model of Wald and Heaton [1994] shows how the rupture may terminate as it reached the 11 to 9 km depth contours (Figure lOb) . The two major areas of slip occurred downdip of the ridge near the hypocenter, and on top of the ridge at depths of 10-15 km. We speculate that the presence of the ridge may have limited the spatial extent of the rupture to the west. Both the top and bottom contours indicate that the aftershock zone is more steep to the west than to the east. The mainshock rupture was conf"med to the part of the fault surface that had the shallowest dip. The contours also show that the distribution of aftershocks does not flatten out below the mainshock hypocenter or below 19 km depth, thus providing no positive evidence of the existence of a low-angle detachment.
In summary, the complex aftershock distribution exhibits 
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several major distinctive features. First, the southwest-dipping zone of aftershocks is consistent with the focal mechanism of the mainshock and !mite rupture models of the mainshock. Second, mapped surficial faults appear to bound crustal blocks where most of the aftershocks occurred. Third, the hanging wall deformation appears to indicate some extensional deformation as evidenced by a small component of normal and strike-slip motion in the focal mechanisms. Fourth, the distribution of aftershocks along the western and eastern edges of the rupture zone are distinctively different. The aftershocks along the western edge form a north-northeast striking and steeply dipping structure with mostly thrust faulting on east-striking planes. This cluster extends from depths of 12 to 18 km. Along the east side, the aftershocks form a dense cluster extending from the surface down to depths of 12 km. The aftershocks occurring along the east side also exhibited primarily thrust faulting focal mechanisms. In general, thrust faulting focal mechanisms were most common and the aftershocks did not show much diversity in the types of focal mechanisms. This is different from some other earthquakes, where large coseismic changes in the regional stress field have been used to explain anomalous focal mechanisms [e.g., Beroza and Zoback, 1993; Hauksson, 1994a] .
Relation to the 1971 San Fernando Earthquake
Both the Mw 6.7 1971 San Fernando and the Mw 6.7 1994
Northridge earthquakes contributed to the tectonic process of north-south contraction and uplift of the Transverse Ranges (Figure 11 ). The hypocenters of the 1971 sequence are determined from phase data from SCSN, for 1971 and 1972, and portable instruments, for the time period February to April 1971 [Mori et al., 1995] . The 1971 hypocenters were relocated using the new Northridge velocity model. In detail, both sequences have different characteristics in terms of the faulting process and their seismological properties.
The details of the seismicity preceding both sequences differed significantly. The 3 weeks prior to the Northridge earthquake were marked by the Santa Monica Bay and the Holser clusters. No similar preshocks were observed during the 3 weeks prior to the 1971 San Fernando earthquake [Ishida and Kanamori, 1978] .
The 1971 San Fernando earthquake ruptured the northnortheast dipping San Fernando fault from 12-15 km depth up to the surface [e.g., Heaton, 1982] . The initiation of the depth of faulting in the San Fernando earthquake that was constrained both with waveform modeling [Heaton, 1982] and with arrival time data was 4-8 km shallower than for the Northridge earthquake. Using additional arrival times from strong motion instruments, Hadley and Kanamori [1977] obtained an improved hypocentral location of 34°25.45'N and l18°22.63'W at a depth of 11.5 km. The San Fernando aftershocks were distributed around the mainshock fault plane, which had a strike ofN67°W, dip of 5r, and rake of 72° based on the first-motion focal mechanism [Whitcomb et al., 1973] . In addition, Whitcomb et aL [1973] used aftershock hypocenters and focal mechanisms to identify a westside-down step in the mainshock rupture plane along a northeast trending tear (the Chatsworth trend). In contrast, the Northridge rupture started at 19 km, terminated at 8 km, and no strike-slip tear faulting is apparent.
The 1994 Northridge ML ~ 4.0 aftershocks were located near the edges of the aftershock zone and mostly exhibited thrust focal mechanisms. This is in contrast to the large aftershocks of the 1971 Mw 6.7 San Fernando earthquake that had a variety of mechanisms at the edge of the mainshock rupture as well as a trend of left-lateral strike-slip deformation extending to the southsouthwest toward the Chatsworth fault [Whitcomb et al., 1973] . The 1971 San Fernando and the 1994 Northridge earthquakes ruptured partially abutting fault surfaces on opposite sides of a ridge [Mori et al., 1995] 
Aftershock Statistics
Although the Northridge aftershock sequence is dying off slightly more quickly than average, it is also more active than most California aftershock sequences. For comparison, the 1971 San Fernando sequence was smaller than average, and the 1933 Long Beach sequence was even more energetic than Northridge (USGS and SCEC, 1994) .
Because the decay of the Northridge sequence is rapid, the number of aftershocks expected in 1995 is small compared to the total sequence. The p value of the Northridge sequence was 1.2, which is somewhat higher than the average of 1.08 for California sequences [Reasenberg and Jones, 1989] . We expect only 18 earthquakes of M'2. 3 and two of M ~ 4 in 1995. The probability of an aftershock of M ~ 5 in 1995 is only 25% as determined with the technique developed by Reasenberg and Jones [1989] .
Discussion
In several respects, the Northridge earthquake was a surprise. It occurred on a deep concealed south-southwest dipping thrust ramp beneath the San Fernando Valley, it was not obviously associated with any surficial geological features such as Quaternary folds, and its location was close to the location of the 1971 San Fernando earthquake. Despite these unexpected aspects, however, earthquake activity was anticipated (USGS and SCEC, 1994) because the seismicity rate in the Los Angeles area has been anomalously high in the past 25 years (Figure 12) . Furthermore, the known earthquake deficit associated with concealed faults strongly suggested that large earthquakes should be expected in the greater Los Angeles region [Hauksson, 1992] .
Surficial Geological Signature of the Ramp
Unlike previous earthquakes on blind thrust faults in California, the Northridge earthquake is not obviously associated with any surficial geological structures. No surface faulting was observed because fault rupture terminated at a depth of 7 km. The uplift associated with the mainshock was centered at the northern edge of the San Fernando Valley [Hudnut et al., 1996] and did not coincide directly with a Quaternary anticline or another type of a topographic high. Although the Pica anticline fortuitously has the same strike as the mainshock fault plane, the fold is located 8 km to the north of the region of maximum uplift [Hudnut et al., 1996] .
The Oak Ridge fault, a south dipping reverse fault in the central and western Transverse Ranges with a slip rate of approximately 5 mm/yr, may affect the tectonics of the epicentral area ( Figure 1) Yeats and Huftile, 1994] . The Oak Ridge fault has been mapped along the southern edge of the Ventura basin, from the Santa Barbara channel, to the western end of the Santa Susana fault, and it defines the southern edge of the Santa Clara Valley. Further east,Jhe Oak Ridge fault may extend beneath the Santa Susana fault, and thus its interaction with the Santa Susana fault and its role in the active tectonics of the epicentral region are ambiguous.
The common assumption that all large California earthquakes are associated with obvious surficial geological faults or folds [Stein and Yeats, 1989 ] thus may not apply to the Northridge earthquake. In the case of the Northridge earthquake, the {A) April1971 [Mori et al., 1995] , and SCSN data from 1971 and 1972. Approximate rupture surfaces for the 1971 [Heaton, 1982] and 1994 [Wald and Heaton, 1994] 1900 1920 1940 1960 1980 2000 Year Figure 12 . The temporal distribution of (M ~ 4.8) mainshocks in the greater Los Angeles region since 1900.
trending mountains are the principal structures responsible for generating uplift and the local high topography [e.g., Dibblee, 1982] . The mountains are also uplifted by concealed north dipping thrust ramps, such as the thrust ramp beneath the Santa Monica Mountains, which also had been previously identified [Namson and Davis, 1992] . Movement on the south dipping thrust ramp that caused the Northridge earthquake, deep beneath the middle of the San Fernando Valley, also caused uplift of the mountains and the floor of the San Fernando Valley. The south dipping thrust ramps probably play a smaller role in the overall deformation of the region than the north dipping structures.
All of these faults have been postulated to root in a subhorizontal decollement based on both seismological and geological data [e.g., Hadley and Kanamori, 1977; Davis and Namson, 1994] . The regional seismicity and M~ 3.5 aftershocks following the 1971 San Fernando earthquake were analyzed by Hadley and Kanamori [1977] . Because the two deepest events at focal depth of 12-14 km had focal mechanisms with one subhorizontal nodal plane, they inferred a subhorizontal decollement below the San Fernando Valley at depth of about 15
km. Webb and Kanamori [1985] also suggested that a subhorizontal decollement was present based on a few more mechanisms with one subhorizontal nodal plane. In some cases the Northridge aftershocks also had subhorizontal planes in this depth range, consistent with the presence of subhorizontal faults but only of limited spatial extent.
The 1994 Northridge earthquake was at least 5 km deeper than any of the previous focal mechanisms with subhorizontal nodal planes. Thus, if there is a regional detachment at the base of these crustal ramps, it must be as deep or deeper than 20 Ian. Because the Northridge aftershock distribution does not flatten in the depth range of 17-21 km, it provides no evidence for the presence of a subhorizontal regional detachment Thus these seismological data to some extent favor the latest tectonic modeling by Yeats [1993] who proposed that crustal thickening, not horizontal detachments, may be the important mechanism for accommodating horizontal compression in the Ventura region. Otherwise, a regional detachment would need significantly more topographic relief than suggested by existing models [Namson and Davis, 1992] .
Seismic Hazard
The 1994 Northridge earthquake reemphasized the seismic hazard of concealed faults, which we have recognized more fully since the 1987 Whittier Narrows earthquake [Hauksson et al., 1988] . The Northridge earthquake occurred at a greater depth than any previous large earthquake in this region. It began rupturing at 19 km and tenninated upward at a depth of 7 km [Wald and Heaton, 1994] . The upper limit of the rupture is similar to what has been reported for some of the previous earthquakes in the region [Hauksson, 1994b] . This relatively large depth extent of the Northridge earthquake shows that the seismogenic width of faults and thrust ramps in the Los Angeles area may be 5-10 km larger than previously estimated [Ziony and Yerkes, 1985] . This large seismogenic width in turn increases the size estimate of maximum possible earthquakes. This means that many fairly short fault segments may rupture in larger earthquakes than previously thought
Surficial mapping may identify all potential sources of M > 7 earthquakes, while some source zones of M < 7 earthquakes go undetected. The occurrence of a Northridge-sized earthquake that can radiate damaging ground motions over a large area (USGS and SCEC, 1994 ) thus needs to be included as a random event in seismic hazards calculations.
The spatial distribution of the aftershocks illuminates structures previously unmapped at depth. Nearly all of these structures are accommodating north-south contraction. The bulk of the . deformation is accommodated by west or north-northwest striking thrust faults dipping both south and north. The absence of a large component of oblique faulting in the mainshock or significant secondary strike-slip faulting in the aftershocks as was reported for the 1971 San Fernando [Whitcomb et al., 1973] and 1987 Whittier Narrows [Hauksson and Jones, 1989] earthquakes, is consistent with slip partitioning, or decoupling of strike-slip and thrust faulting. The slip partitioning model postulates that future moderate-sized or large earthquakes may be caused by rightlateral faulting along northwest striking faults or left-lateral faulting along northeast striking faults. Such faults may segment the major west or west-northwest striking thrust faults. The Northridge Hills fault ( Figure 6 ) is one such strike-slip fault in the epicentral region [Barnhart and Slosson, 1973] . The surficial expression of the fault in the San Fernando Valley is a series of anticlinal hills. Along its western half, it dips about 80° to the north, while along the eastern half it is either vertical or dips steeply to the south [Barnhart and Slosson, 1973] . The Northridge Hills fault is thought to be potentially active, and some of the large strike-slip aftershocks may have been associated with it It offsets both the local groundwater table and the surficial strata, in some cases by a few hundred feet [Barnhart and Slosson, 1973] .
The relatively close occurrence of the 1994 Northridge earthquake to the 1971 San Fernando earthquake and spatial association of the aftershock sequences was a surprise. Prior to the 1994 event, segments of the Sierra Madre fault system other than the 1971 San Fernando segment were thought to be more likely to break [Hauksson, 1994b] . In light of rapid tectonic strain accumulation in the region [Donnellan et al., 1993] and the absence of large earthquakes over the last 200 years [Hauksson, 1992] , large earthquakes were expected. Although the 1994 and 1971 events occurred on different fault systems, they both released some of the accumulated north-south contractional tectonic strain in the Transverse Ranges. Stein et al. [1994] used dislocation modeling to argue that the 1994 event was triggered by stress loading from the 1971 event. Such a triggering mechanism is possible but not required because ample tectonic strain remains stored on faults in the region.
The 1994 earthquake is part of the temporal increase in earthquake activity in the greater Los Angeles area since 1970 (Figure 12 ). This is the second of two temporal clusters of increased activity recorded since 1900 [Hauksson, 1992] . The first cluster began in 1920 and ended in 1942, and the second began in 1970 and continues to the present. Because the best estimate of the seismicity rate in the near future is assumed to be the current seismicity rate [e.g., Kagan and Jackson, 1994] , the high seismicity rate within the current cluster suggests that more damaging earthquakes will occur over the next decade. A continuation of the current seismicity rate will contribute to releasing the contractional tectonic strain that has accumulated in the western Transverse Ranges over a minimum time interval of 200 years.
Conclusions
There are four main seismological and tectonic lessons from the Northridge earthquake. First, the mainshock hypocenter was relatively deep, suggesting that the seismogenic width of faults in the region may be 5-10 km greater than previously thought. This large seismogenic width may explain why so many relatively short faults in the region rupture in large earthquakes and thus have prominent surface scarps. Second, the Northridge earthquake and its aftershocks do not correlate easily with any mapped surficial geological faults or folds, although some of the deformation may be controlled by northeast trending lateral ramps. Potential earthquake sources of M < 7 thus may be routinely missed in geological investigations of the region. Third, the strain released in the 1994 earthquake was not sufficient to significantly decrease the accumulated strain in the region.
Because no other major (M > 7) earthquakes have occurred in the region for at least 200 years, or possibly longer, significant accumulated strain remains to be released on surficial or concealed faults in the region. Fourth, the relative uniformity of thrust focal mechanisms indicated that the stress release in the mainshock was not complete. Alternatively, slip partitioning plays an important role in the deformation of this region, and future large earthquakes can have a significant strike-slip component.
